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The  germination  of  multiple  individual  Baeillus  subtilis  spores  by  a  high  pressure  (HP)  of  140-150  (unless  noted 
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Monitoring  Rates  and  Heterogeneity  of  High-Pressure  Germination  of 
Bacillus  Spores  by  Phase-Contrast  Microscopy  of  Individual  Spores 
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Germination  of  Bacillus  spores  with  a  high  pressure  (HP)  of  ~150  MPa  is  via  activation  of  spores’  germinant  receptors  (GRs). 
The  HP  germination  of  multiple  individual  Bacillus  subtilis  spores  in  a  diamond  anvil  cell  (DAC)  was  monitored  with  phase- 
contrast  microscopy.  Major  conclusions  were  that  (i)  >95%  of  wild-type  spores  germinated  in  40  min  in  a  DAC  at  ~150  MPa 
and  37°C  hut  individual  spores’  germination  kinetics  were  heterogeneous;  (ii)  individual  spores’  HP  germination  kinetic  param¬ 
eters  were  similar  to  those  of  nutrient-triggered  germination  with  a  variable  lag  time  (Ti^g)  prior  to  a  period  of  the  rapid  release 
i^T^eiense)  of  the  spores’  dipicolinic  acid  in  a  1:1  chelate  with  Ca^'*'  (CaDPA);  (iii)  spore  germination  at  50  MPa  had  longer  aver¬ 
age  Ti„g  values  than  that  at  ~  150  MPa,  hut  the  ^T^eiense  values  at  the  two  pressures  were  identical  and  HPs  of  <  10  MPa  did  not 
induce  germination;  (iv)  B.  subtilis  spores  that  lacked  the  cortex-lytic  enzyme  CwlJ  and  that  were  germinated  with  an  HP  of  150 
MPa  exhibited  average  values  ~  15-fold  longer  than  those  for  wild-type  spores,  but  the  two  types  of  spores  exhibited 

similar  average  ^lag  values;  and  (v)  the  germination  of  vsdld-type  spores  given  a  >30-s  140-MPa  HP  pulse  followed  by  a  constant 
pressure  of  1  MPa  was  the  same  as  that  of  spores  exposed  to  a  constant  pressure  of  140  MPa  that  was  continued  for  >35  min;  (vi) 
however,  after  short  150-MPa  HP  pulses  and  incubation  at  0.1  MPa  (ambient  pressure),  spore  germination  stopped  5  to  10  min 
after  the  HP  was  released.  These  results  suggest  that  an  HP  of  ~150  MPa  for  :£30  s  is  sufficient  to  fully  activate  spores’  GRs, 
which  remain  activated  at  1  MPa  but  can  deactivate  at  ambient  pressure. 


Spores  of  various  Bacillus  species  are  metabolically  dormant, 
can  survive  for  many  years  in  this  state  (1-3),  and  are  ex¬ 
tremely  resistant  to  heat,  desiccation,  radiation,  and  many  toxic 
chemicals  (4).  Spores  can  also  rapidly  return  to  life  by  germina¬ 
tion,  which  can  be  triggered  by  a  variety  of  agents,  including  spe¬ 
cific  nutrients,  cationic  surfactants  such  as  dodecylamine,  an  ex¬ 
ogenous  1:1  chelate  of  Ca^'*'  and  dipicolinic  acid  (CaDPA),  and 
hydrostatic  high  pressure  (HP)  (1,  5).  Nutrients  trigger  germina¬ 
tion  by  binding  to  germinant  receptors  (GRs)  located  in  the  inner 
spore  membrane  (1,2).  Stimulation  of  these  GRs  triggers  the  re¬ 
lease  of  the  spore  core’s  large  (~10%  of  spore  dry  weight)  depot  of 
CaDPA  and  its  replacement  by  water  in  stage  I  of  germination,  and 
this  triggers  activation  of  the  cortex-lytic  enzymes  (CLEs)  CwlJ 
and  SleB,  either  of  which  can  initiate  hydrolysis  of  the  spore’s 
peptidoglycan  cortex,  leading  to  completion  of  spore  germina¬ 
tion.  Concomitantly  with  cortex  hydrolysis,  the  spore  core  be¬ 
comes  fuUy  hydrated,  and  this  allows  resumption  of  enzyme  ac¬ 
tivity  and  initiation  of  metabolism,  macromolecular  synthesis  in 
the  core,  and,  thus,  spore  outgrowth  (1,  5).  Spores’  resistance 
properties  are  lost  when  spores  germinate  fully  and  begin  out¬ 
growth. 

The  germination  of  individual  spores  of  a  population  under  a 
constant  concentration  of  a  nutrient  germinant  exhibits  signifi¬ 
cant  heterogeneity  (6-9),  mainly  due  to  variability  in  the  lag  time 
(T[„g)  between  addition  of  nutrient  germinants  and  the  start  of 
rapid  CaDPA  release.  In  contrast,  times  for  the  actual  release  of 
&90%  of  a  spore’s  CaDPA  once  its  rapid  release  begins  i^T^eiease^) 
are  relatively  constant  for  spores  of  any  particular  strain/species 
(8-10).  Although  all  reasons  for  the  heterogeneity  in  spores’  nu¬ 
trient  germination  are  not  fuUy  understood,  an  important  factor 
in  this  heterogeneity  is  variation  in  the  number  of  GRs  between 
individual  spores  (11).  Thus,  spores  that  have  higher  GR  numbers 
germinate  faster  than  spores  with  lower  GR  numbers,  and  spores 


with  extremely  low  GR  numbers  germinate  extremely  slowly  and 
are  termed  superdormant  (12,  13). 

After  spores  are  exposed  to  nutrient  germinants,  one  of  the  first 
events  that  can  be  measured  is  termed  commitment,  in  which  even 
if  nutrient  germinants  are  removed  or  their  further  binding  to  GRs 
is  blocked,  spores  that  are  committed  to  germinate  continue 
through  nutrient  germination  and  release  CaDPA  3  to  10  min 
after  commitment  (14,  15).  However,  those  spores  that  are  not 
committed  to  germinate  carry  out  no  germination  events  (14-16). 
Just  as  with  overall  rates  of  germination  that  are  higher  in  spores 
with  higher  GR  levels,  rates  of  commitment  to  germinate  are  also 
higher  in  such  spores. 

As  noted  above,  in  addition  to  nutrients,  spores  can  be  germi¬ 
nated  by  HPs  of  100  to  800  MPa  (17-21).  At  HPs  of  100  to  300 
MPa,  germination  is  caused  by  GR  activation  (1,  20).  However,  at 
HPs  of  500  to  800  MPa,  germination  is  caused  by  the  release  of  the 
spore’s  CaDPA  depot,  and  these  HPs  may  act  on  specific  CaDPA 
channels  in  spores’  inner  membrane  (18, 19, 21).  While  the  mech¬ 
anisms  of  HP  germination  of  spores  are  of  significant  basic  inter¬ 
est,  these  processes  also  have  significant  applied  interest,  since  (i) 
spores  are  major  agents  of  food  spoilage  and  food  poisoning  and 
(ii)  spores’  extreme  resistance  properties  are  lost  when  they  ger¬ 
minate  and  begin  outgrowth.  Indeed,  HP  treatment  is  used  com¬ 
mercially  in  the  pasteurization  processing  of  a  number  of  different 
foodstuffs,  although  elevated  initial  temperatures  (80  to  90°C)  are 
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needed  in  conjunction  with  HP  to  inactivate  bacterial  spores  and 
achieve  the  commercial  sterility  of  low-acid  foods  (22).  While  HP 
is  probably  most  often  used  as  a  single  treatment,  a  number  of 
studies  have  demonstrated  significant  reductions  in  spore  survival 
by  use  of  cyclic  processes  alternating  between  low  and  high  pres¬ 
sures  at  moderate  temperatures  compared  to  those  achieved  with 
a  single  constant  HP  exposure  (23,  24).  HP  induction  of  spore 
germination,  in  particular,  at  100  to  300  MPa,  is  generally  thought 
to  be  via  activation  of  one  or  more  germination  proteins,  in  par¬ 
ticular,  GRs,  as  noted  above  (19,  25),  and  HPs  can  induce  confor¬ 
mational  changes  in  proteins  that  can  lead  to  their  activation  (26). 
However,  the  mechanism  of  GR  activation  by  HP  is  not  known, 
and  there  is  very  limited  information  on  the  heterogeneity  be¬ 
tween  individual  spores  in  which  germination  is  activated  at  HPs 
of  100  to  300  MPa.  These  unknowns  are  of  applied  interest,  given 
the  potential  utility  of  HP  as  an  alternative  food  processing  tech¬ 
nology  to  facilitate  spore  inactivation  (18,  20). 

We  report  here  the  results  of  experiments  designed  to  observe 
and  analyze  the  dynamic  germination  of  individual  spores  of  Ba¬ 
cillus  subtilis  and  Bacillus  cereus  with  HPs  of  1  to  150  MPa  in  a 
diamond  anvil  cell  (DAG)  using  phase-contrast  microscopy  to 
measure  spores’  refractive  index  and  Raman  spectroscopy  to  mea¬ 
sure  spores’  CaDPA  content.  Most  often,  either  constant  HP  or  a 
short  HP  pulse  was  applied  to  the  spores  inside  the  DAC  while 
time-lapse  phase-contrast  images  of  multiple  individual  spores 
were  continuously  recorded  and  analyzed  (8,  9,  27).  We  were  par¬ 
ticularly  interested  in  testing  if  the  application  of  a  single  HP  pulse 
is  sufficient  to  potentiate  germination,  in  particular,  when  the 
pulse  width  of  the  HP  is  shorter  than  the  Tlag  value  under  the  same 
constant  HP,  as  with  this  treatment,  the  GRs  of  all  spores  that 
ultimately  germinate  should  be  activated  simultaneously.  The  re¬ 
sults  of  these  experiments  have  generated  new  and  unexpected 
findings  about  HP  germination  via  GR  activation  and  have  given 
new  mechanistic  insight  into  this  process  that  may  have  significant 
applied  implications. 

MATERIALS  AND  METHODS 

Bacillus  strains  used  and  spore  preparation.  The  B.  subtilis  strains  used 
in  this  work  were  (i)  PS533  (wild  type),  a  prototrophic  strain  derived  from 
strain  168  (28),  and  (ii)  FBI  11  (cwlj),  the  spores  of  which  lack  the  CLE 
Cwll  (29).  B.  cereus  T  (originally  obtained  from  H.  O.  Halvorson)  was  also 
used  in  some  experiments. 

B.  subtilis  spores  were  prepared  on  2  X  SG  medium  (a  glucose  nutrient 
broth-based,  moderately  rich  medium)  agar  plates  at  37°C  without  anti¬ 
biotics;  B.  cereus  spores  were  prepared  at  30°C  in  defined  liquid  medium 
(30,  31).  Liquid  cultures  were  harvested  after  36  to  48  h  of  incubation. 
After  incubation  for  2  to  3  days,  plates  with  B.  subtilis  strains  were  incu¬ 
bated  for  ~3  days  at  23“C  to  allow  completion  of  lysis  of  sporulating  cells, 
and  spores  were  then  scraped  from  the  plates  and  suspended  in  4°C  water. 
Harvested  spores  were  purified  by  repeated  centrifugation  and  washing 
with  water,  as  well  as  several  sonication  treatments  for  the  B.  subtilis  spores 
but  not  the  B.  cereus  spores  so  as  not  to  damage  these  spores’  exosporium. 
Purified  spores  were  stored  at  4“C  in  water  protected  from  light  and  were 
free  (98%)  of  growing  and  sporulating  cells,  germinated  spores,  and  ceU 
debris,  as  observed  by  phase-contrast  microscopy. 

Spore  germination  with  a  nutrient  germinant.  B.  subtilis  PS533 
spores  were  heat  activated  prior  to  nutrient  germination  by  incubation  of 
spores  in  water  at  70°C  for  30  min  and  then  cooling  of  the  spores  on  ice  for 
at  least  15  min  prior  to  germination  experiments.  The  heat-activated 
spores  were  germinated  at  37°C  in  25  mM  HEPES  (pH  7.4)  with  10  mM 
L-alanine  (8,  9).  Briefly,  1  p.1  of  heat-activated  spores  (10®  spores  mP'  in 
water)  was  spread  on  the  surface  of  a  glass  coverslip  glued  to  a  clean  and 


Time  (min) 

FIG  1  Phase-contrast  microscopy  of  multiple  individual  Bacillus  spores  ger¬ 
minating  with  constant  HP.  (A,  B)  Phase-contrast  images  of  B.  subtilis  PS533 
(wild-type)  spores  germinating  in  a  DAC  with  140  MPa,  as  described  in  Ma¬ 
terials  and  Methods,  for  0.25  min  (A)  and  30  min  (B).  The  spore  indicated  by 
the  arrow  was  dormant  at  0.25  min  and  had  germinated  by  30  min,  and  its 
phase-contrast  image  intensity  decreased.  (C)  Kinetics  of  germination  of  wild- 
type  B.  subtilis  and  B.  cereus  spores,  as  described  in  Materials  and  Methods,  (i) 
withB.  subtilis  spores  at  140  MPa  (A),  110  MPa  (■),  50  MPa  (■^),  and  10  MPa 
(►)  and  heat-activated  B.  subtilis  spores  at  140  MPa  (T)  and  (ii)  with  B.  cereus 
spores  at  140  MPa  (•). 


sterile  sample  container.  The  spores  on  the  container  were  quickly  dried  in 
a  vacuum  chamber  at  room  temperature  so  that  they  adhered  to  the  cov¬ 
erslip.  The  spore  container  was  then  mounted  on  a  microscope  heat  stage 
kept  at  37“C.  Preheated  germinant/buffer  solution  was  then  added  to  the 
container  to  start  the  germination,  and  a  digital  charge-coupled-device 
(CGD)  camera  was  used  to  record  the  differential  interference  contrast 
images  at  intervals  of  15  s  for  60  to  120  min  (8,  9). 

Spore  germination  with  a  constant  or  pulsed  HP  in  a  DAC.  B.  subtilis 
and  B.  cereus  spores  were  germinated  in  a  DAC  (VivoDAC;  easyLab  Inc., 
Cambridge,  MA)  with  various  HPs  in  25  mM  HEPES  buffer  (pH  7.4)  at 
37“C.  In  some  experiments,  B.  subtilis  spores  were  germinated  in  a  DAC  as 
described  above  with  short  HP  pulses  of  140  or  150  MPa  and  then  incu¬ 
bated  further  at  37°C  with  constant  pressures  of  1  or  0. 1  MPa.  The  HP  in 
the  DAC  was  generated  by  a  digital  gas  membrane  controller  that  can 
change  the  pressure  in  the  gas  membrane.  It  took  2  to  3  s  for  the  gas 
pressure  to  reach  the  target  value  when  the  controller  changed  the  gas 
membrane  pressure.  The  DAC  pressure  was  calibrated  using  standard 
ruby  fluorescence  and  pressure-sensitive  fluorescent  polystyrene  micro¬ 
spheres  (FluoSpheres  F-21 1 1;  Invitrogen  Life  Technologies,  Grand  Island, 
NY)  (32).  The  accuracy  for  the  pressure  calibration  was  —10  MPa.  Inde¬ 
pendent  pressure  cycles  were  repeated  for  the  acquisition  of  data  for  pres¬ 
sure-induced  spore  germination. 

Monitoring  spore  germination  with  HP.  The  HP  germination  of 
multiple  individual  spores  in  a  DAC  was  analyzed  by  phase-contrast  mi¬ 
croscopy  with  a  long-working-distance  objective.  Briefly,  dormant  or 
heat-activated  spores  (1  p,l;  —10®  spores/ml  in  water)  were  spread  on  the 
surface  of  the  top  diamond  anvil  plate  and  then  air  dried  for  5  to  10  min. 
The  diamond  anvil  plate  was  then  assembled  in  the  DAC  with  25  mM 
HEPES  buffer  (pH  7.4)  in  the  gap  of  the  gasket  and  mounted  on  a  micro¬ 
scope  sample  holder  kept  at  37°C.  The  phase-contrast  microscope  was 
modified  such  that  a  long-working-distance  objective  (50X;  numerical 
aperture,  0.55;  working  distance,  10  mm;  Nikon)  was  used  to  image  the 
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FIG  2  Time-lapse  phase-contrast  image  intensities  of  individual  spores  ofvarious-Baril/wsstrains  and  species  germinating  with  constant  HP.  Wild-type  B.  subtilis 
(A)  and  B.  cereus  (B)  spores  were  treated  with  140  MPa  of  HP,  wild-type  B.  subtilis  spores  were  treated  with  50  MPa  of  HP  (C),  and  B.  subtilis  cwlj  spores  were 
treated  with  140  MPa  of  HP  (D),  and  spore  germination  was  analyzed,  all  as  described  in  Materials  and  Methods.  The  phase-contrast  image  intensity  values  at  60 
min  were  subtracted  from  the  intensities  of  images  at  various  times,  and  the  resulting  intensity  values  at  time  zero  were  normalized  to  1.  a.u.,  arbitrary  units. 


individual  spores  on  the  DAC  plate.  The  pressure  of  the  DAC  chamber 
was  controlled  by  a  digital  gas  membrane  controller,  and  the  pressure 
could  be  increased  from  ambient  pressure  to  140  MPa  within  3  to  5  s.  After 
increasing  the  pressure  to  a  preset  value,  a  digital  CCD  camera  (16  bit, 
1 ,600  by  1 ,200  pixels)  was  used  to  record  phase-contrast  images  at  a  rate  of 
15  s  per  frame  for  60  to  120  min.  These  images  were  analyzed  with  a 
computation  program  in  Matlab  software  to  locate  each  spore’s  position 
and  to  calculate  the  average  pixel  intensity  of  an  area  of  20  by  20  pixels  that 
covered  the  whole  individual  spore  on  the  phase-contrast  image  (8,  9). 
The  phase-contrast  image  intensity  of  each  individual  spore  was  plotted  as 
a  function  of  the  incubation  time  (with  a  resolution  of  15  s);  the  initial 
intensity  (the  first  phase  image  recorded  after  the  preset  pressure  was 
reached)  was  normalized  to  1 ,  and  the  intensity  at  the  end  of  the  measure¬ 
ments  was  normalized  to  zero.  Invariably,  the  last  value  was  constant  for 
>10  min  at  the  end  of  the  measurements. 

From  the  time-lapse  phase-contrast  image  intensity,  the  time  of  com¬ 
pletion  of  the  rapid  fall  of  —75%  in  spore  phase-contrast  image  intensity 
could  be  determined;  this  time  is  concomitant  with  the  time  of  comple¬ 
tion  of  spore  CaDPA  release  (defined  as  (27,  33).  CaDPA  release 

kinetics  during  germination  of  individual  spores  were  further  described 
by  the  parameters  and  where  is  the  time  between  the 

application  of  HP  (or  the  mixing  of  spores  with  germinants)  and  the 
initiation  of  most  CaDPA  release,  and  is  equal  to  ( ~  ^lag) 

(27,  33).  The  parameter  is  also  used  to  describe  the  germination  of 
individual  spores  and  is  defined  as  the  intensity  of  a  spore’s  phase-contrast 
image  at  Ti^^.  4eiease  is  defined  as  the  phase-contrast  image  intensity  at 
^release!  ^lys  i®  the  time  when  spore  cortex  hydrolysis  is  completed,  as 
determined  by  the  completion  of  the  faU  in  the  spore’s  phase- contrast 
image  intensity;  and  ATj^s  is  equal  to  (Tjy,,  —  (27,  33). 


Raman  spectroscopy  of  individual  spores  treated  with  HP  in  a  DAC 
or  HP  unit.  B.  subtilis  spores  were  treated  in  a  DAC  or  in  a  PT-1  pressure 
test  unit  (Avure  Technologies,  Kent,  WA)  at  — 150  MPa  for  various  times, 
as  described  above,  and  then  the  pressure  was  dropped  to  atmospheric 
pressure  (—0.1  MPa).  The  treated  spores  were  removed  and  resuspended 
in  distilled  water  for  Raman  spectroscopic  analysis  of  individual  spores  by 
laser  tweezers  Raman  spectroscopy  (LTRS)  at  25“C  with  a  laser  power  of 
20  mW  at  780  nm  and  an  integration  time  of  20  s,  as  described  previously 
(34). 

RESULTS 

Germination  of  B.  subtilis  and  B.  cereus  spores  in  a  DAC  with 
constant  HP.  As  noted  above,  while  there  have  been  many  studies 
of  the  HP  germination  of  populations  of  spores  of  Bacillus  species, 
there  have  been  very  few  studies  in  which  the  HP  germination  of 
individual  spores  has  been  examined.  Consequently,  we  used 
phase-contrast  microscopy  to  monitor  the  germination  of  multi¬ 
ple  individual  B.  subtilis  and  B.  cereus  spores  in  a  DAC  with  various 
constant  HPs.  As  was  found  in  much  previous  work  (27,  33), 
spores’  phase-contrast  image  intensity  changed  dramatically  early 
in  germination,  as  the  excretion  of  CaDPA  and  then  spore  cortex 
lysis  and  core  water  uptake  and  sweOing  resulted  in  a  large  de¬ 
crease  in  the  spores’  refractive  index.  This  was  also  seen  in  phase- 
contrast  images  of  B.  subtilis  and  B.  cereus  spores  exposed  to  an  HP 
of  140  MPa  (Fig.  lA  and  B;  data  not  shown).  The  latter  decrease  in 
the  phase-contrast  image  intensity  allowed  the  simultaneous 
monitoring  of  the  kinetics  of  the  germination  of  large  numbers  of 
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TABLE  1  Germination  parameters  of  Bacillus  spores  treated  with  various  HPs“ 


Strain,  treatment 

Tag  1 

(min) 

T 

release 

(min) 

AT 

^  release 

(min) 

ATys 

(min) 

Aag 

^release 

No.  of  spores 
examined  (% 
germinated) 

PS533,  140  MPa 

13.2 

12.5 

15.8  ± 

14.6 

2.6  ±  0.9 

11.8  ±  6.3 

0.76 

0.10 

0.20  ± 

0.06 

372  (95) 

PS533,  heat  activated,  140  MPa 

12.7 

10.4 

15.2  ± 

10.8 

2.5  ±  0.6 

9.8  ±  4.2 

0.75 

0.07 

0.17  ± 

0.06 

359  (96) 

PS533,  50  MPa 

28.5 

16.0 

31.3  ± 

16.0 

2.8  ±  1.0 

12.5  ±  6.8 

0.78 

-1- 

0.11 

0.19  ± 

0.06 

182  (61) 

FBI  11,  140  MPa 

12.5 

8.1 

34.1  ± 

11.3 

21.5  ±  9.0 

NA 

0.82 

-1- 

0.09 

0.12  ± 

0.07 

359  (96) 

B.  cereus,  140  MPa 

0.35 

0.06 

0.71  ± 

0.11 

0.36  ±  0.10 

9.0  ±  3.3 

0.99 

0.01 

0.25  ± 

0.06 

139  (98) 

PS533,  heat  activated,  10  mM  L-alanine 

15.5 

15.9 

18.2  ± 

16.2 

2.7  ±  0.9 

13.1  ±  6.8 

0.87 

0.10 

0.24  ± 

0.08 

562  (91) 

**  Spores  of  B.  subtilis  strain  PS533  (wild  type)  with  or  without  heat  activation,  B.  subtilis  strain  FBI  1 1  (cwlj),  or  B.  cereus  without  heat  activation  were  treated  with  various  HPs,  and 
germination  was  followed  for  60  min,  as  described  in  Materials  and  Methods.  Data  from  >100  individual  spores  were  used  to  calculate  the  germination  parameters  shown.  Data 
represent  mean  values  and  standard  deviations.  NA,  not  available. 


individual  spores  (Fig.  lA  to  C).  The  B.  cereus  spores  germinated 
extremely  rapidly  at  140  MPa,  with  ~97%  of  the  spores  complet¬ 
ing  germination  in  ~1  min  (Fig.  1C).  The  germination  of  wild- 
type  B.  subtilis  spores  at  140  MPa  was  much  slower,  as  ~95% 
germination  required  ~40  min  of  HP  treatment,  and  HPs  below 
140  MPa  gave  even  slower  germination,  with  no  germination  at  10 
or  1  MPa  (~100  or  10  atm)  (Fig.  1C;  see  below).  In  contrast  to  the 
nutrient  germination  of  spores  that  was  increased  markedly  by 
prior  heat  activation,  prior  heat  activation  of  B.  subtilis  spores  had 
no  effect  on  these  spores’  germination  with  an  HP  of  140  MPa 
(Fig.  1C),  as  reported  previously  (20,  25). 


Analysis  of  time-lapse  phase-contrast  image  intensities  of  in¬ 
dividual  spores  in  a  DAC  at  constant  HP  indicated  that  the 
changes  in  the  image  intensities  were  similar  to  those  seen  with 
nutrient  germination  (Fig.  2).  After  the  HP  was  applied,  the  phase- 
contrast  image  intensity  of  an  individual  spore  slowly  decreased 
until  ri3g  and  then  rapidly  dropped  between  and  T^^ieass’  indi¬ 
cating  a  rapid  fall  in  the  refractive  index  of  the  spore  due  to  the 
release  of  the  spore’s  CaDPA  (27).  Following  the  spore’s 

phase-contrast  image  intensity  continued  to  decrease  more  slowly 
until  Tjyj,  corresponding  to  the  completion  of  cortex  lysis  (Fig.  2A 
and  B),  and  the  final  phase-contrast  image  intensities  of  nutrient- 


Time  (mini 


FIG  3  Kinetics  of  germination  of  individual  B.  subtilis  spores  with  various  140-MPa  HP  pulses.  (A)  Wild-type  B.  subtilis  spores  were  given  140-MPa  HP  pulses 
for  10  min  (A),  2  min  (•),  or  30  s  (T),  followed  by  incubation  at  1  MPa,  and  spore  germination  was  followed  as  described  in  Materials  and  Methods.  The  spores 
were  also  germinated  with  a  constant  pressure  of  140  MPa  (♦)  or  1  MPa  (►)  or  germinated  with  10  mM  L-alanine  at  ambient  pressure  (-^l,  as  described  in 
Materials  and  Methods.  (B  to  D)  Intensities  of  time-lapse  phase-contrast  images  of  individual  B.  subtilis  spores  given  140-MPa  HP  pulses  for  10  min  (B),  2  min 
(C),  or  30  s  (D),  followed  by  incubation  at  1  MPa  and  measurement  of  phase-contrast  image  intensities  for  individual  spores,  all  as  described  in  Materials  and 
Methods. 
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TABLE  2  Germination  parameters  of  B.  subtilis  spores  treated  with  140  MPa  of  HP  and  then  incubated  at  1  MPa" 


HP  treatment 

Tag  (min) 

T 

release 

(min) 

AT 

release 

(min) 

ATys 

(min) 

hag 

-^release 

No.  of  spores  examined 
(%  germinated) 

140  MPa,  10  min 

12.3  ±  8.5 

15.4  ±  8.5 

3.0  ±  0.9 

13.0  ±  5.6 

0.83  ±  0.06 

0.19  ±  0.06 

189  (97) 

140  MPa,  2  min 

12.5  ±  8.9 

15.6  ±  8.8 

3.1  ±  0.8 

12.5  ±  7.3 

0.86  ±  0.07 

0.21  ±  0.07 

271  (95) 

140  MPa,  30  s 

12.8  ±  11.1 

15.4  ±  11.0 

2.8  ±  0.9 

10.7  ±  5.0 

0.81  ±  0.07 

0.19  ±  0.05 

528  (93) 

140  MPa,  10  s 

14.5  ±  12.0 

17.5  ±  12.0 

3.0  ±  0.8 

14.3  ±  5.8 

0.77  ±  0.09 

0.20  ±  0.07 

558  (95) 

140  MPa,  constant 

13.2  ±  12.5 

15.8  ±  14.6 

2.6  ±  0.9 

11.8  ±  6.3 

0.76  ±  0.10 

0.20  ±  0.06 

372  (95) 

Wild-type  B.  subtilis  spores  were  incubated  at  37°C  and  140  MPa  for  short  periods  and  then  incubated  at  37°C  and  1  MPa  for  a  total  of  ~60  min,  as  described  in  Materials  and 
Methods.  Data  from  >100  individual  spores  were  used  to  calculate  the  germination  parameters  shown.  Data  represent  mean  values  and  standard  deviations. 


germinated  and  HP-germinated  B.  subtilis  spores  were  essentially 
identical  (data  not  shown). 

Previous  work  has  found  that  germination  of  individual  B. 
subtilis  spores  with  nutrients  at  ambient  pressure  is  very  heteroge¬ 
neous,  with  almost  all  of  the  variability  between  individual  spores’ 
germination  being  during  the  period  (6,  9,  27).  This  was  also 
true  for  the  HP  germination  of  wild-type  B.  subtilis  spores,  al¬ 
though  it  was  less  so  for  the  B.  cereus  spores,  perhaps  because  these 
spores  germinated  so  very,  very  rapidly  (Fig.  2A  and  B;  Table  1). 
For  the  B.  subtilis  spores,  the  variability  in  their  HP  germination 
was  primarily  in  the  Tlag  value,  with  less  variability  being  detected 
in  the  and  ATiy^  values  (Table  1).  Notably,  the  variability 

in  these  kinetic  values  for  B.  subtilis  spore  germination  was  very 
similar  for  HP  germination  at  140  MPa  and  nutrient  germination 
with  a  saturating  L-alanine  concentration  (Table  1).  Average  val¬ 
ues  for  fjjig  and  Release  Were  also  essentially  identical  for  both  HP- 
germinated  and  nutrient-germinated  B.  subtilis  spores  (Table  1). 
The  kinetic  values  for  the  germination  of  B.  subtilis  spores  with 
140  MPa  of  HP  were  also  essentially  identical  to  those  for  unacti¬ 
vated  spores  (Table  1),  consistent  with  the  minimal  effects,  if  any, 
of  heat  activation  on  HP  germination  seen  previously  with  spore 
populations  (Fig.  1C)  (19,  20).  However,  a  decrease  in  HP  from 
140  MPa  to  50  MPa  increased  the  average  Tj^g  value  significantly, 
consistent  with  fewer  spores  germinating  in  60  min  at  50  MPa,  but 
had  no  effect  on  the  average  value  (Fig.  2C;  Table  1).  With 

nutrient  germination,  B.  subtilis  spores  lacking  the  CLE  CwlJ  (strain 
FBI  11)  are  known  to  exhibit  average  values  similar  to  those  of 
wUd-type  spores  with  nutrient  germination  (35, 36),  and  this  was  also 
seen  with  germination  at  an  HP  of  140  MPa  (Fig.  2D;  Table  1).  How¬ 
ever,  the  cwlj  spores  had  an  ~  10-fold  higher  value  with  HP 

germination  than  wUd-type  spores  (Table  1),  as  also  previously  seen 
with  nutrient  germination  of  cwlj  spores  (35,  36). 

Germination  of  B.  subtilis  spores  by  an  HP  pulse  followed  by 
incubation  at  1  MPa.  Previous  work  has  demonstrated  that  the 
application  of  oscillating  low  and  high  pressures  results  in  higher 
spore  killing  than  exposure  to  a  constant  HP  (23,  24).  Conse¬ 
quently,  we  tested  if  the  application  of  a  single  short  HP  pulse  is 
sufficient  to  potentiate  spore  germination.  Wild-type  B.  subtilis 
spores  were  exposed  to  140  MPa  for  periods  between  0.5  and  10 
min,  and  then  the  pressure  was  reduced  to  1  MPa  and  incubation 
at  37°C  was  continued.  Surprisingly,  even  the  30-s  HP  pulse  re¬ 
sulted  in  almost  the  same  kinetics  of  germination  as  the  constant 
HP  (Fig.  3A).  The  germination  of  the  individual  spores  given  HP 
pulses  of  from  0.5  to  30  min  also  showed  heterogeneity  very  sim¬ 
ilar  to  that  of  spores  given  a  constant  HP  treatment,  and  the  aver¬ 
age  kinetic  parameters  of  the  HP-pulsed  spores  were  also  almost 
identical  to  those  of  spores  given  constant  HP  (compare  Fig.  2A 
and  Fig.  3B  to  D;  Table  2).  These  results  indicate  that  the  exposure 


to  an  HP  of  140  MPa  for  as  little  as  30  s  was  sufficient  to  potentiate 
the  germination  of  B.  subtilis  spores  upon  subsequent  incubation 
at  37°C,  with  this  potentiation  perhaps  being  via  activation  of  GRs 
in  some  fashion  (see  Discussion). 


0  10  20  30  40  50 


Time  (min) 


FIG  4  Germination  of  HP-pulsed  B.  subtilis  spores  subsequently  incubated  at 
ambient  pressure.  (A)  WUd-type  B.  subtilis  spores  were  continuously  exposed  ei¬ 
ther  to  150  MPa  of  HP  (■)  or  to  150  MPa  for  5  min  (•),  2min  (A),  1  min  (T),or 
10  s  (-4),  followed  by  immediate  exposure  to  atmospheric  pressure  (0.1  MPa)  and 
subsequent  incubation  at  37°C,  aU  as  described  in  Materials  and  Methods.  Arrows 
indicate  time  points  at  which  the  HP  pulse  was  ended.  (B)  The  percentages  of 
spores  that  released  their  CaDPA  after  a  150-MPa  HP  pulse  for  different  times  and 
subsequent  incubation  in  a  PT-1  pressure  unit  {•)  or  in  a  DAC  (□)  were  deter¬ 
mined  by  LTRS  analysis  of  50  individual  spores  to  determine  the  percentage  of 
spores  that  had  lost  their  CaDPA.  The  percentage  of  spores  that  were  HP  pulsed 
and  then  incubated  (□)  was  determined  from  the  data  in  panel  A. 
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TABLE  3  Germination  parameters  of  B.  subtilis  spores  treated  with  150  MPa  of  HP  and  then  incubated  at  0.1  MPa" 


HP  treatment 

hag 

(min) 

T 

release 

(min) 

AT 

^  release 

(min) 

AV 

(min) 

hag 

helease 

No.  of  spores  examined 
(%  germinated) 

No.  of  germinated 
spores  analyzed 

150  MPa,  constant 

4.5  ±  3.9 

7.7  ±  4.2 

3.0  ±  1.1 

9.6  ±  4.2 

0.88  ±  0.08 

0.26  ±  0.06 

275 (95) 

170 

150  MPa,  5  min 

4.3  ±  2.1 

7.2  ±  2.6 

2.9  ±  1.6 

9.0  ±  4.7 

0.88  ±  0.05 

0.27  ±  0.08 

459  (90) 

200 

150  MPa,  2  min 

3.4  ±  1.8 

5.9  ±  2.3 

2.5  ±  0.8 

12.0  ±  3.8 

0.90  ±  0.06 

0.28  ±  0.07 

306  (75) 

113 

150  MPa,  1  min 

2.9  ±  1.7 

5.2  ±  2.0 

2.3  ±  0.7 

6.7  ±  1.7 

0.90  ±0.11 

0.23  ±  0.11 

180  (30) 

55 

150  MPa,  10  s 

2.8  ±  2.5 

4.8  ±  3.2 

2.0  ±  1.6 

8.4  ±  6.0 

0.91  ±  0.06 

0.20  ±  0.09 

315  (7.6) 

19 

Wild-type  B.  subtilis  spores  were  incubated  at  37°C  with  150  MPa  for  short  periods  and  then  incubated  at  37°C  and  ambient  pressure  (0.1  MPa)  for  a  total  of  ~60  min,  as 
described  in  Materials  and  Methods.  Data  represent  mean  values  and  standard  deviations. 


Germination  of  B.  subtilis  spores  with  HP  pulses  and  subse¬ 
quent  incubation  at  ambient  pressure  (0.1  MPa).  The  experi¬ 
ments  described  above  indicated  that  spores  given  short  HP  pulses 
of  140  MPa  had  become  activated  to  germinate  if  they  were  held  at 
37°C  and  subjected  to  a  pressure  of  1  MPa.  Given  that  the  available 
evidence  suggests  that  this  is  not  the  case  when  HP-treated  spores 
are  shifted  to  ambient  pressure  (~0.1  MPa)  (19-21),  it  was  of 
interest  to  examine  the  germination  of  individual  HP-pulsed 
spores  incubated  at  ~0.1  MPa.  Consequently,  we  repeated  the 
pulsed  HP  germination  experiments  with  B.  subtilis  spores  but 
followed  the  HP  pulses  by  incubation  at  the  ambient  atmospheric 
pressure  of  ~0.1  MPa.  Strikingly,  under  these  conditions,  reduc¬ 
tion  of  the  HP  pulse  time  markedly  decreased  the  spore  germina¬ 
tion,  as  spores  pulsed  for  5  min,  2  min,  1  min,  or  10  s  exhibited 
only  90,  75,  30,  or  8%  germination,  respectively,  in  the  50  to  55 
min  following  the  HP  pulses.  In  addition,  the  germination  of  these 
pulsed  spores  had  clearly  leveled  off  at  these  values  by  55  min,  with 
this  leveling  off  actually  taking  only  5  to  10  min  following  the 


termination  of  the  HP  pulse  (Fig.  4A;  Table  3).  This  result  was 
consistent  with  post-HP-treatment  measurements  on  spore  pop¬ 
ulations  treated  with  a  pressure  of  150  MPa  for  various  periods  in 
a  large-scale  HP  unit  and  then  exposed  to  ambient  pressure  prior 
to  Raman  spectroscopic  analysis  to  determine  the  fraction  of  aU 
spores  that  had  lost  their  CaDPA  (Fig.  4B)  (27,  34).  These  data 
suggest  that  the  decrease  to  0.1  MPa  after  the  150-MPa  pulse  was 
sufficient  to  deactivate  spores  for  germination  in  some  fashion, 
even  though  their  GRs  were  activated  in  the  initial  HP  pulse.  How¬ 
ever,  some  spores  that  had  been  activated  in  the  HP  pulse  clearly 
did  complete  germination  both  before  and  even  after  their  return 
to  atmospheric  pressure. 

Time-lapse  phase-contrast  image  intensities  of  individual 
wild-type  B.  subtilis  spores  given  short  150-MPa  HP  pulses  and 
then  incubated  at  0.1  MPa  also  showed  some  heterogeneity  in  Tlag 
and  values  (Fig.  5;  Table  3).  In  addition,  with  shorter  HP 

pulse  times,  not  only  did  fewer  spores  germinate,  but  also  average 
^lag  values  fell  significantly  as  the  HP  pulse  time  was  decreased,  as 


FIG  5  Time-lapse  phase-contrast  intensities  of  individual  B.  subtilis  spores  given  various  HP  pulses.  Wild-type  B.  subtilis  spores  were  given  150-MPa  HP  pulses 
of  various  lengths  and  then  incubated  at  37°C  and  ambient  pressure.  The  phase-contrast  image  intensity  of  individual  spores  was  followed  throughout  the 
experiment,  all  as  described  in  Materials  and  Methods.  The  HP  pulse  times  were  5  min  (A),  2  min  (B),  1  min  (C),  or  10  s  (D). 


350  aem.asm.org 


Applied  and  Environmental  Microbiology 


Downloaded  from  http://aem.asm.org/  on  February  20,  2014  by  UNIV  OF  CONNECTICUT 


Dynamics  of  High-Pressure  Spore  Germination 


600  800  1000  1200  1400  1600  1800 


Raman  shift  (cm'^) 

FIG  6  Raman  spectra  of  dormant  and  HP-  and  nutrient-germinated  B.  subtilis 
spores.  (A)  Average  Raman  spectra  of  wild-type  B.  subtilis  spores  that  were 
dormant  (curve  a)  or  had  germinated  (curve  b)  in  a  DAC  by  treatment  at  140 
MPa  for  5  min,  as  described  in  Materials  and  Methods.  (B)  Average  Raman 
spectra  of  wild-type  B.  subtilis  spores  that  were  dormant  (curve  a)  or  had 
germinated  (curve  b)  by  incubation  with  10  mM  L-alanine  for  2  h,  as  described 
in  Materials  and  Methods.  The  spectra  were  averaged  over  30  individual 
spores,  as  described  in  Materials  and  Methods.  Peaks  present  in  the  dormant 
spore  spectra  but  absent  in  germinated  spore  spectra  are  due  to  CaDPA. 


did  average  values.  These  results  suggest  that  those  spores 

whose  germination  was  activated  by  shorter  HP  pulses  are  those 
that  germinated  the  fastest  at  an  HP  of  150  MPa,  which  is  possibly 
not  surprising.  However,  there  were  no  significant  changes  in  av¬ 
erage  ATiys,  fi3g,  or  /release  values  as  HP  pulse  times  were  decreased. 
Notably,  most  (albeit  not  all)  spores  that  released  their  CaDPA 
with  short  HP  pulses  and  then  incubation  at  0.1  MPa  did  so  after 
the  HP  pulse. 

Raman  spectra  of  individual  HP-treated  B.  subtilis  spores. 

While  the  overall  aspects  of  the  ~  150-MPa  germination  of  B.  sub¬ 
tilis  spores  strongly  resembled  those  of  nutrient  germination,  it 
was  possible  that  there  were  some  differences,  as  is  the  case  when 
nutrient  germination  and  germination  by  ~550  MPa  of  HP  are 
compared  (19).  To  further  examine  nutrient-germinated  and 
150-MPa-germinated  spores  for  any  possible  differences,  wild- 
type  B.  subtilis  spores  were  either  treated  at  an  HP  of  150  MPa  in 
the  DAC  or  germinated  by  L-alanine  at  ambient  pressure.  The 
treated  spores,  either  dormant  or  germinated,  were  then  analyzed 
by  Raman  spectroscopy  at  25°C  (Fig.  6A).  In  Fig.  6  and  7,  the 
Raman  bands  at  662,  825, 1,017,  1,395, 1,450,  and  1,575  cm“^  are 
assigned  to  CaDPA,  the  l,004-cm~^  band  is  due  to  phenylalanine, 
the  l,655-cm~'band  is  due  to  the  amide  I  vibration  of  proteins. 


and  the  l,250-cm~'  band  is  due  to  the  amide  III  vibration  of 
proteins  (34).  These  results  showed  clearly  that  there  were  mini¬ 
mal  differences,  if  any,  in  the  Raman  spectra  of  spores  germinated 
by  nutrients  or  an  HP  of  150  MPa.  We  also  measured  the  Raman 
spectra  of  dormant  and  germinated  spores  exposed  to  150  MPa  in 
an  HP  unit  for  various  times  (Fig.  7 A  and  B).  Again,  there  were  no 
changes  in  the  Raman  spectra  for  either  the  germinated  (Fig.  7 A) 
or  the  ungerminated  spores  (Fig.  7B)  with  increasing  HP  treat¬ 
ment  times.  In  addition,  the  spectra  of  these  spores  germinated  by 
HP  were  nearly  identical  to  the  spectra  of  spores  germinated  by 
L-alanine  (Fig.  6B,  curve  b). 

DISCUSSION 

The  analysis  of  the  HP  germination  of  multiple  individual  spores 
of  Bacillus  species  in  a  DAC  has  led  to  a  better  understanding  of  a 
number  of  aspects  of  HP  germination.  First,  at  a  constant  pressure 
of  ~  1 50  MPa,  individual  spores  show  significant  heterogeneity  in 
their  values  between  the  application  of  HP  and  the  initiation 
of  the  rapid  fall  in  the  spores’  refractility. 

In  addition,  this  heterogeneity  appears  to  be  very  similar  to  that 
observed  with  nutrient  germination  of  the  same  spores,  with  the 
major  factor  contributing  to  the  variability  in  germination  among 
spores  being  highly  variable  values.  Previous  work  has  shown 
that  the  major  variables  influencing  spores’  Tj^g  values  in  nutrient 
germination  are  nutrient  germinant  concentration,  heat  activa¬ 
tion,  and  GR  numbers  per  spore  (9).  In  germination  by  an  HP  of 
140  to  150  MPa,  the  nutrient  germinant  concentration  and  heat 
activation  clearly  had  no  effects  on  Tlag  values.  Thus,  variation  in 
GR  numbers  per  spore  likely  appears  to  be  the  major  variable 
affecting  Tjgg  values  in  the  150-MPa  germination  of  individual  B. 
subtilis  spores.  Indeed,  elevation  of  spores’  GR  levels  does  result  in 
spore  populations  that  germinate  faster  with  150  MPa  of  pressure 
(20),  and  thus,  the  individuals  in  the  spore  populations  with  ele¬ 
vated  GR  levels  must  have  shorter  Tj^g  values  in  their  HP  germi¬ 
nation. 

While  the  conclusion  given  above  is  new,  it  was  not  really  un¬ 
expected.  However,  other  results  in  this  work  were  surprising.  In 
particular,  the  finding  that  B.  subtilis  spores  exposed  to  short  HP 
pulses  at  150  MPa  and  then  incubated  further  at  1  MPa  exhibited 
germination  kinetics  and  kinetic  parameters  essentially  identical 
to  those  of  spores  continuously  exposed  to  the  same  HP  was  un¬ 
expected.  What  this  finding  suggests  is  that  150-MPa  pulses  of  at 
least  30  s  are  sufficient  to  convert  spores  into  a  state  in  which  they 
are  committed  to  germinate  even  if  the  stimulating  HP  is  termi¬ 
nated  and  the  pressure  to  which  the  committed  spores  were  ex¬ 
posed  was  reduced  to  1  MPa,  a  pressure  that  alone  is  insufficient  to 
trigger  spore  germination.  In  many  ways,  this  phenomenon  is 
similar  to  the  commitment  seen  in  nutrient  germination,  where 
spores  go  through  a  germination  event  such  as  CaDPA  release 
some  minutes  after  the  nutrient  germinant  has  been  displaced  or 
even  removed  from  its  cognate  GR  (14-16).  However,  the  behav¬ 
ior  of  these  committed  spores  in  HP  germination  had  some  sig¬ 
nificant  differences  from  that  of  committed  spores  in  nutrient 
germination.  First,  it  appears  that  the  times  between  commitment 
and  eventual  germination  of  HP-committed  B.  subtilis  spores  are 
much  more  variable  for  HP  germination  than  for  nutrient  germi¬ 
nation,  since  for  germination  of  B.  subtilis  spores  with  L-alanine 
concentrations  that  saturate  the  GerA  GR  (the  major  spore  GR), 
the  times  between  commitment  and  CaDPA  release  vary  between 
4  and  6  min  for  25  to  75%  commitment  for  B.  subtilis  spores  (14). 
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FIG  7  Average  Raman  spectra  of  dormant  and  germinated  B.  subtilis  spores  after  various  HP  treatment  times.  (A)  Average  Raman  spectra  of  150-MPa 
HP-treated  wild-type  B.  subtilis  spores  that  released  their  DPA  after  treatment  for  various  times,  as  described  in  Materials  and  Methods.  (B)  Average  Raman 
spectra  of  150-MPa  HP-treated  spores  that  retained  their  DPA  after  treatment  for  various  times.  Fifty  individual  spores  were  randomly  analyzed  by  LTRS,  and 
the  spectra  of  the  spores  that  released  their  DPA  were  averaged.  In  order  to  obtain  the  average  spectra  of  the  spores  that  retained  their  DPA,  the  spectra  of  1 5  more 
spores  that  retained  their  DPA  in  each  sample  were  measured  and  averaged. 


In  contrast,  these  times  determined  for  HP  germination  in  this 
work  were  both  much  longer  and  more  variable  for  spores  held  at 
1  MPa  after  an  HP  pulse.  Second  and  perhaps  even  more  surpris¬ 
ing  was  that  a  large  percentage  of  the  spores  that  appeared  to  be 
committed  to  germinate  after  a  short  HP  pulse  at  150  MPa  did  not 
germinate  upon  further  incubation  at  0. 1  MPa.  Indeed,  for  spores 
given  a  10-s  140-  to  150-MPa  pulse,  ~95%  of  these  spores  germi¬ 
nated  upon  subsequent  exposure  to  1  MPa,  while  only  ~8%  of 
these  spores  subsequently  exposed  to  0.1  MPa  germinated.  Fur¬ 
thermore,  the  germination  of  the  spores  given  150-MPa  HP  pulses 
clearly  leveled  off  4  to  6  min  after  the  pressure  was  reduced  from 
150  to  0.1  MPa  (Fig.  4A).  The  latter  range  of  times  is  actually  very 
similar  to  the  average  times  between  commitment  and  CaDPA 
release  seen  in  nutrient  germination  of  wild-type  B.  subtilis  spores 
(14).  However,  many  of  the  HP-treated  spores  that  were  commit¬ 
ted  to  germinate  when  held  at  1  MPa  no  longer  germinated  when 
held  at  0. 1  MPa,  as  if  these  spores  had  somehow  been  deactivated 
at  0. 1  MPa.  This  deactivation  phenomenon  has,  to  our  knowledge, 
never  been  seen  for  spores  committed  to  nutrient  germination. 

All  available  evidence  indicates  that  HPs  of  ~  150  MPa  trigger 
spore  germination  by  GR  activation  (19,  20).  Thus,  it  seems  likely 
that  the  commitment  upon  short  HP  treatments  seen  in  this  work 
takes  place  by  converting  GRs  into  an  active  or  activated  state, 
similar  to  what  takes  place  upon  commitment  in  nutrient  germi¬ 
nation,  although  we  really  do  not  know  what  this  commitment 
means  in  molecular  terms.  These  activated  GRs,  then,  have  two 
possible  fates:  (i)  if  they  are  held  at  1  MPa,  the  activated  GRs  can 
ultimately  cause  spore  germination,  perhaps  because  the  pressure 
of  1  MPa  has  an  impact  on  signal  transmission  from  activated  GRs 
to  the  CaDPA  channel  proteins,  although  there  is  clearly  a  long 
and  extremely  variable  lag  period  between  the  HP  commitment 
and  CaDPA  release;  or  (ii)  if  they  are  held  at  0. 1  MPa,  the  activated 
GRs  can  lead  to  spore  germination  within  8  to  1 0  min  of  the  release 


of  the  HP,  but  after  this  period  the  activated  GRs  appear  to  deac¬ 
tivate.  Exactly  what  is  going  on  here  mechanistically  is  certainly 
not  clear,  but  a  number  of  obvious  questions  are  raised  by  these 
results.  These  questions  include  the  following:  (i)  do  different  GRs 
exhibit  different  HP  commitment  and  decay?  (ii)  Do  elevated 
spore  GR  levels  nullify  any  possible  decay  of  activated  GRs?  (iii) 
Can  conditions  be  found  to  prolong  the  lifetime  of  GRs’  HP- 
activated  state,  even  at  0.1  MPa?  (iv)  Will  treatments  such  as  a 
decrease  in  pH  allow  germination  of  HP-committed  spores,  as  it 
does  for  nutrient-committed  spores  (14)?  (v)  Can  these  HP-com¬ 
mitted  spores  be  isolated  under  conditions  that  do  not  allow  their 
germination,  thus  allowing  characterization  of  the  defining  prop¬ 
erties  of  committed  spores?  It  seems  likely  that  the  answers  to 
these  questions  will  tell  us  much  about  the  process  of  spore  ger¬ 
mination  not  only  by  HP  but  also  by  nutrients. 

In  addition  to  potentially  leading  to  new  basic  knowledge 
about  ~  150-MPa  HP  germination  and,  possibly,  nutrient  germi¬ 
nation  as  well,  the  new  findings  made  in  this  work  may  also  have 
significant  implications  for  applied  uses  of  HP  processing.  Thus, 
perhaps  the  time  needed  for  application  of  very  HP  could  be  re¬ 
duced  to  only  a  few  minutes,  after  which  the  HP  could  be  lowered 
substantially.  However,  an  important  consideration  here  is 
whether  this  apparent  commitment  phenomenon  is  also  seen  for 
spore  germination  at  HPs  of  500  to  800  MPa,  as  it  is  these  HPs 
coupled  with  moderately  high  temperatures  that  would  be  re¬ 
quired  in  HP  applications  to  achieve  the  commercial  sterility  of 
low-acid  foods. 
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